To review current literature related to cellular mechanisms of meconiuminduced lung injury (MILI). Review of published experimental in vitro and in vivo MAS studies using human and animal lung cells. We found that meconium induces expression of cytokines and angiotensin II (ANG II)-induced apoptotic process in the lung cells. We postulate that inflammatory cytokines induce ANG II expression, which causes apoptotic cell death after binding to its AT1 receptors. We also demonstrated expression of serpins associated with meconium instillation into the lungs. Serpins are proteins that inhibit cellular proteases and elastases. Expression of serpins may be an attempt to recover lung from these injurious effects. In summary our studies show that whereas meconium induces inflammatory cytokines and subsequent cell apoptosis, the lung cells also try to protect themselves by inducing serpins. The balance of these interactions will determine the residual damage. We believe these new findings are very important in understanding of MILI.
Introduction
Meconium aspiration syndrome (MAS) is one of the major clinical problems encountered in the neonatal period. It is an inflammatory newborn lung disease that frequently leads to severe respiratory failure with a potential fatal outcome in term and post-term infants.
1,2 Aspiration of meconium is known to cause airway obstruction, damage of airways and surfactant inactivation. Meconium also causes chemical pneumonitis. [1] [2] [3] In the newborn, the major clinical manifestations include problems of oxygenation and respiratory failure associated with increased pulmonary vascular reactivity. It has been shown that persistent pulmonary hypotension is a hallmark of severe MAS. Number of investigators has extensively studied these aspects of MAS.
In addition to the above-described derangements meconium also induces intense inflammatory reaction in the airways and alveoli. However not much has been explored in this field. There is emerging evidence from different animal models that intense inflammatory reaction may be central to the initial progression of MAS and associated severe pulmonary hypertension. [3] [4] [5] Investigators using animal models have shown the presence of inflammatory-induced cell death through apoptotic process in meconium-instilled lungs. 6, 7 There is increased interest to better understand complex mechanisms of inducing meconium-induced lung cell apoptosis. The purpose of this paper is to review the literature and better understands the mechanisms of meconium-induced lung injury (MILI).
The evidence for meconium-induced inflammation and apoptosis comes from different investigators. These studies can be classified into two categories: one from human studies and the other from experimental animal models. Table 1 shows selected papers in this regard. In general, these findings showed that meconium in both human and animal models produces inflammatory reaction, which is followed by cascade of events leading to lung epithelial cell apoptosis. Findings of these studies are summarized below.
Human studies
There are very few human studies (Table 1) . De Beaufort et al. 8 were the earliest investigators who studied in vitro response of human neutrophils to MAS. They showed that there was overexpression of interleukin 8 (IL-8) in neutrophils exposed to meconium. They also showed anti-IL-8 antibodies inhibited neutrophils migration. These studies suggested that MAS in infants may induce neutrophils migration and overexpression of IL-8 lead to inflammation.
Uotila et al. 9 studied meconium exposure to monocytes in culture and showed increased expression of syclogexynase 2 expression. Jones et al. 4 demonstrated increased production of inflammatory cytokines in preterm infants with MAS. Castelheim 10 showed compliment activation in human monocytes culture of MAS model.
Animal studies
Investigators have studied meconium-induced inflammation using different animal models (Table 1) . Davey et al., 11 in piglets, showed acute decrease in gas exchange and dynamic lung compliance, increase of total lung protein and inhibition of surfactant. Holopainen 12 made extensive observations in piglets exposed to meconium. They demonstrated severe inflammation and airway epithelial damage, necrotic changes associated with increased phospholipase 2 activities. Mollnes also showed an increased compliment activation following experimental MAS in piglets. 13 Khan 14 showed that MAS increases IL-13 expression along with lymphocytic and iosinophilic inflammation. Tyler 3 in animal model showed that MAS leads to surfactant inactivation and pneumonitis.
In our own laboratory, using rabbit pups, 6, 15, 16 we have shown that lung exposure to meconium leads to intense inflammatory reaction with increased expression of lymphocytes, macrophages and neutrophils. Experimental studies showed that inflammatory response and apoptotic epithelial cell death is important feature of meconium-induced newborn lung injury. Our studies differ from previously published studies because of the methodology used. In our studies we used rabbit pups with no previous hypoxia. Another major distinction from other studies is that we did not use whole meconium, because whole meconium contains many components that can cause lung injury. Instead, we used debris-free meconium to avoid mechanical obstruction of airways. One gram of fresh newborn meconium (1 g) was homogenized on ice with 9 ml of 0.9% NaCl (pH 7.2) to a final concentration of 10% (weight/ volume) and was spun down at 1000 g for 20 min (at 4 1C) to separate supernatant and meconium debris. Supernatant was filtered using 0.45 mm filter paper (Millipore Co., Bedford, MA, USA). The cell-free filtered solution instilled into the lungs. Following instillation, rabbits were allowed to breathe spontaneously in room air with no additional oxygen. No respiratory support was provided to pups following instillation of meconium. Animals were sacrificed at 0, 2, 4, 8 and 24 h after meconium instillation. The findings of other studies including ours are described below.
Inflammatory responses to meconium
The first response to meconium injury is the release of active inflammatory cells, the most important of which are neutrophils and macrophages. 8, 9, 16 Especially, neutrophils are dramatically increased in meconium-instilled lungs compared to saline-instilled lungs. Macrophages are also increased, but not as dramatically as neutrophils. Tessler recently suggested that meconium also induced free oxygen radicals. 17 Now we describe the pathways of induction of inflammatory response following cell influx. Rabbit pups
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Neutrophil influx
Aspirated meconium produces a vigorous but transient leukocytic inflammatory reaction in the newborn lungs, but the mechanisms of the neutrophil influx are still unclear. 10 Meconium itself may stimulate neutrophil chemotaxis and it supposedly induces the lung inflammatory cells to produce proinflammatory chemotactic cytokines. 4, 8, 10, 18 Ex vivo studies using a piglet model show that moderate and high concentrations of aspirated meconium rapidly activate circulating neutrophils. 19 Experimental study in piglet model suggests that meconium-induced inflammation is localized in the meconium-contaminated areas of the lungs with no generalized inflammatory injury. 20 Correspondingly, local accumulation of neutrophils and macrophages and production of IL-1b and tumor-necrosis factor-a (TNFa) cytokines have been observed. 2, 20 Current experimental data suggests that intrapulmonary accumulation of activated neutrophils, similar to various forms of acute injury in adult lungs 21 could aggravate the hypoxic respiratory failure. Myeloperoxidase activity is usually used as an important indicator of neutrophil accumulation. 22 The chemotaxis is related to the presence of powerful chemotactic role of IL-8.
In a study by Ruiz et al. 23 addition of polyclonal immunoglobulin G (IgG) activated the mononuclear cells to express IL-8 cytokine production, which could promote intrapulmonary accumulation and infiltration of neutrophils. Other studies have shown that intravenous IgG may increase of neutrophil migration to the sites of inflammation via unknown mechanisms. 21 Sterile meconium increased migration of neutrophils obtained from neonates in comparison with random migration in vitro studies. These studies show that meconium induces chemotaxis of inflammatory cells especially neutrophils. 8 These above studies showed the neutrophil response to meconium.
Cytokine release and their effect
In experimental models of MAS, an intense pulmonary inflammatory reaction with influx of polymorphonuclear leukocytes, T-lymphocytes, monocytes and macrophages is demonstrated within a few hours. 10, 12, 16 It is further apparent that intrapulmonary meconium stimulates the lung inflammatory cells to express inflammatory cytokines, such as TNF-a, IL-1b, IL-6 and IL-8, and may thereby propagate development of parenchyma cell injury in the exposed animal and human lungs. 8, 10, 16 A novel signaling pathway involved in MAS is the role of IL-13. This molecule has been shown to be markedly elevated in a murine model of MAS and could be a mediator of persistent airway dysfunction and remodeling in survivors of MAS.
14 In fact, dramatic initiation of the pulmonary inflammatory response to meconium aspiration is highlighted by immediate appearance of the lung pro-inflammatory cytokine expression in rabbit models, with a maximum at 8 to 14 h after the meconium insult. 16 As low levels of anti-inflammatory IL-10 is simultaneously found in these lungs, 4, 16 the resulting cytokine imbalance may regulate the susceptibility of the newborn lung to meconium-induced injury.
Complement activation
Various investigators 10,13,24 using animal and human cells showed that human meconium is a potent activator of complement, an important mediator of inflammatory tissue damage. Meconium activated the alternate complement pathway by increase of alternative convertase C3bBbp. 10 Meconium can also induce systemic complement activation, paralleling the increase in lung dysfunctions.
Phospholipase activation
Local release of phospholipid-degrading enzyme, phospholipase A 2 , may further play an exacerbating role in the pathogenesis of acute inflammatory lung injury after meconium aspiration in a human model. As showed by Kaapa, 12 experimental studies in animal models indicate that this proinflammatory activity is also contained in human meconium itself. The existing data on human and animal models thus indicate that constituents of aspirated meconium, including cytokines, phospholipases, bile acids, lipids and polysaccharides, may trigger a local inflammatory reaction supposedly through stimulation of lung inflammatory cells to produce proinflammatory cytokines and prostaglandins. 8, 25 Moreover, recent data demonstrate that activation of lung tissue phospholipase A2, in meconium injury, may mediate cellular apoptosis, as a noninflammatory mechanism of programmed cell death, in porcine meconium aspiration. 26 Meconium-induced apoptosis Apoptosis of cells exposed to meconium was one of the interesting findings of our experimental studies. Apoptosis is a programmed cell death, which does not result in inflammatory tissue injury, but rather is a cell clearance mechanism promoting resolution of inflammation. 27 Normal rate of apoptosis is beneficial to the host organ. However, increased apoptosis may clearly cause harm for the tissue. Recent literature including data from our laboratory demonstrate that apoptosis may play an important role in acute lung injury of newborn. 12, 16 As was demonstrated by several techniques, meconium-induced apoptosis is localized preferably in lung and its airway epithelial cells. 12, 16 These data demonstrate that meconium-induced lung cell apoptosis leads to damage and detachment of lung airway or epithelial cells. It is a very important process as airway epithelium plays a very important role in maintenance of cell viability and normal lung functions. In spite a several existing theories, exact mechanism of meconium-induced lung cell apoptosis is presently unknown.
Usually apoptosis is seen immediately after instillation of meconium into the lungs. Apoptosis occurs under the influence of different substances present in meconium. Apoptotic cells are smaller in size; they appear shrunk, their cytoplasm and nuclei are condensed. Examination of the lung lavage cells demonstrated that apoptosis usually is accompanied with inflammatory reactions, extensive cell death. The apoptotic cells are identified by measuring caspase 3 expression. 28 Maximal expression of caspase 3 was also seen at 8 h after meconium instillation (Figure 1) .
ISEL labeling is another method of identifying the apoptotic cells. 16 Using ISEL labeling, we found a fragmented DNA in numerous airways and alveolar epithelial nuclei. 16 ISEL-positive cells were seen specifically in meconium-instilled lungs but not in saline-instilled lungs. ISEL-positive sells surround the bronchioles and gradually expanded to the entire lung field.
Apoptosis destroys many important cells in the lung airway or alveolar epithelium. In worst cases, such destruction may reach up to 50% of airway epithelial cells. The mechanism of meconium-induced epithelial cell apoptosis and their detachment presently remains unknown. Also unknown are mediating mechanisms of apoptotic cell death, which we will describe below.
Oxygen radicals in apoptosis
Increased release of reactive oxygen species from the animal pulmonary inflammatory cells may be associated with apoptotic cell death in the lung. 29 Neutrophil influx following meconium exposure may also activate alveolar macrophages to produce oxygen radicals, which may, at least in part, explain the proapoptotic effect of meconium in animal and human lungs. 17, 19 Nitric oxide and apoptosis Although the bulk of evidence indicates that nitric oxide (NO) may induce apoptosis in different cell lines, including macrophages, it may have a dual effect. It is interesting to note that inhaled smaller quantities of NO may also inhibit apoptosis. 30, 31, 32 Inhalation of NO (10 p.p.m.), in addition to having a beneficial effect on hemodynamics and oxygenation in newborn lungs, also significantly inhibited cell death by apoptosis. The effect of a smaller amount (1 p.p.m.) of NO inhalation was similar but did not reach statistical significance. 30 Apoptotic cell death was induced by exogenous NO in rat type II pneumocytes in vitro 32 but not in cultured human cells of pulmonary epithelial orendothelial origin. 33 Although the inhibitory effect of NO is still unclear, interaction of NO with oxygen-reactive species may eliminate the adverse affects of these toxic radicals or, alternatively, upregulate protective genes that attenuate apoptosis. 32 Furthermore, increased cycloxygenase-2 expression, shown to be stimulated in monocytes by human meconium in vitro, 9 may modulate NO-mediated apoptosis in macrophages. 32 Role of ANG II and its receptors in apoptosis Pulmonary angiotensin II (ANG II) has been recently proposed to contribute to receptor-mediated lung epithelial apoptosis in vivo and in vitro, but in neonatal lung injuries in vivo this mechanism is still unclear. 34 We demonstrated using a rabbit model of MAS that apoptosis occurs via cytokine-induced angiotensinogen gene expression, conversion of ANG I to ANG II, and binding of ANG II to its AT1 receptors. [34] [35] [36] This conversion requires the presence of ANG-converting enzyme, ACE. 34, 36 In animal models captopril may also decrease the apoptosis process in alveolar epithelium induced by FAS, bleomycin, plant alkaloid monocrotaline, or g-irradiation.
34-37 Consequently, it was hypothesized that meconium-induced apoptosis could be prevented by suppression of ANG I conversion to ANG II by captopril pretreatment or by blocking of its AT1 receptors. Recent data from our laboratory indicate that captopril and inhibition of AT receptor action may diminish pulmonary epithelial apoptosis in meconium lungs. 28, 37 Additional data from our laboratory show that cytokine-treated rabbit lung and human lung airway epithelial cell line A549 demonstrate a similar rate of lung apoptosis, compared to meconium-instilled lungs. 35, 38 From the above discussion it may be postulated that intrapulmonary meconium induces influx of inflammatory cells in the lungs. These cells express inflammatory cytokines, involved in expression of ANG I, which is immediately processed to ANG II by ACE. Lung cell damage and apoptosis occur when ANG II binds to its AT1 but not AT2 receptors (Figure 1 ). It is, however, not clear how the above-discussed mechanisms are initiated.
Protective role of serpin in apoptosis During our studies to explain the mechanisms of apoptosis, we isolated a protein from tracheal aspirates. We found that this protein to be a novel serine proteinase inhibitor, with an apparent molecular mass of 50 kDa, which was identified to be e a1-antitripsin. 39 Serpins are known inhibitors of proteases and apoptosis. We hypothesize that serpin may attenuate pulmonary inflammation and improve surfactant function after meconium aspiration. a1-antitripsin is a member of the proteinase inhibitor (serpin) superfamily and inhibitor of neutrophil elastase. a1-Antitripsin is synthesized by epithelial cells, macrophages, monocytes and neutrophils. Deficiency in a1-antitripsin leads to exposure of lungs to uncontrolled proteolytic attack from neutrophil elastase or other damaging factors culminating in lung destruction and cell apoptosis. We hypothesize that accumulation of a1-antitripsin in the lungs serves as a predisposed protection against MILI.
Unified concept of MILI
Taking into consideration of all the above findings we propose a unified concept of the mechanism of MILI. The construct of the hypothesis is shown in Figure 2 . It is proposed that meconium aspiration by the newborn besides causing airway obstruction causes local inflammation. The inflammatory reaction leads to cellular influx of neutrophils and macrophages. Both release inflammatory cytokines, which in turn cause inflammation and set the process of apoptosis. The end result depends on the extent of inflammation and degree of apoptosis. Moderate apoptosis may leave no permanent damage. Severe apoptosis initiates fibrotic reaction. These results may become perceptible on histological examination of the tissues.
The sequence of events in the epithelial cells is different. Epithelial cells express ANG II and their AT1 and AT2 receptors. Both participate in the process of cell apoptotic cell death.
It is also to be noted that meconium can induce serpin expression, which plays a protective role against injury and apoptosis which outcomes depends from the ration of proteases and serpins. If this ration is large a large damage is observed; if small, it is minimal.
Summary
In summary, meconium aspiration induces a rapid and intensive inflammatory reaction and lung injury within the contaminated areas of the newborn lungs and produces simultaneously lung cell death by apoptosis. In addition, based on our work, we believe that meconium-induced lung cell apoptosis is also induced by accumulation of ANG II and binding to its AT1 receptors. TNFa or IL-8 cytokines may be involved in processing ANG II and thus is also involved in increasing meconium-induced cell apoptosis.
We also believe that degree of apoptosis is dependent on the production of proteases and serpins in the cells. Serpins inactivate meconium-induced proteases thus prevent lung damage. In summary, we propose that meconium induces cytokine expression and lung cell apoptosis. At the same time expression of serpins in response to meconium may negate the effect of proteases induced by meconium (Figure 3) .
The significance and contribution of these lung injury processes to the clinical manifestation of MAS, however, needs to be further investigated. Better understanding of meconium-induced inflammatory injury and apoptosis may lead to a development of new therapeutic interventions of MAS.
